This milestone has been met by: (1) calculating steering solutions and implementing them in the experiment using the three pairs of crossed magnetic dipoles installed in between the matching solenoids, S1-S4. We have demonstrated the ability to center the beam position and angle to < 1 mm and <1 mrad upstream of the induction bunching module (IBM) gap, compared to uncorrected beam offsets of several millimeters and milli-radians. (2) Based on LSP and analytic study, the new IBM, which has twice the volt-seconds of our first IBM, should be accompanied by a longer drift compression section in order to achieve a predicted doubling of the energy deposition on future warm-dense matter targets. This will be accomplished by constructing a longer ferro-electric plasma source. (3) Because the bunched current is a function of the longitudinal phase space and emittance of the beam entering the IBM we have characterized the longitudinal phase space with a high-resolution energy analyzer.
* The US Heavy-Ion Fusion Science program has the long-term goal of developing inertialconfinement fusion as an affordable and environmentally attractive source of electrical power. Toward this goal, the near-term HIFS research at US National Laboratories uses reduced-scale experiments and state-of-the-art numerical simulations to understand the injection, transport, and focusing of the high-current beams needed for this approach to fusion energy. Since 1998, this research has been co-ordinated in the US by the Heavy-Ion Fusion Science Virtual National Laboratory, a collaboration between LBNL, LLNL and PPPL. FY08Q2_report.final.doc
Intense, space-charge-dominated ion beam pulses for warm dense matter and heavy ion fusion applications must undergo simultaneous transverse and longitudinal bunch compression in order to meet the requisite beam intensities desired at the target. NDCX has measured up to a 100-fold longitudinal current compression of an intense ion beam with pulse duration of a few nanoseconds .
Beam steering results
Misalignments of the solenoids in the transport lattice produce, to leading order, dipole magnetic field components that displace the transverse beam centroid from the design axis. Centroid oscillations resulting from these misalignments will tend to accumulate in a random walk sense as a function of the number of solenoids that the beam traverses. The total centroid excursion includes contributions from these misalignment effects and any initial errors of the beam being injected off-axis into the transport lattice. These effects may also be exacerbated by energy variations along the beam pulse. Measurements at the end of the solenoid transport lattice of the NDCX indicate typical centroid excursions with an amplitude of a few mm after going through the four solenoids of the transport lattice.
Such centroid excursions in the NDCX are large enough to cause problems in downstream final-focus applications and must be corrected. This has been modeled in LSP simulations by injecting otherwise ideal beams into the induction bunching module gap with offsets of a few mm. The consequence on peak energy deposition on the target is >35% for an offset of 2 mm . The simulations suggest that corrections of the beam offset to <0.5 mm would be desireable. FY08Q2_report.final.doc Specific values of the phase-space coordinates at the measurement plane depend on the machine operating point employed (set of solenoid strengths, and beam energy).
A particular example of centroid errors measured is given in the "Dipoles off" row of To accomplish the centroid corrections, three cross-field magnetic steering dipoles were installed in the lattice between the solenoids as indicated in Jacobian matrix of the linear system response to dipole current excitations. This matrix is then applied to numerically calculate currents (ranging from 56 to 194
Amps) necessary to null the centroid error. Application of these currents to the dipoles produced the corrected centroid shown in the "Dipoles on" column of Table   1 . Note that the correction appears perfect to the measurement uncertainty of 0.25 mm and 1 mrad in the centroid coordinates and angles. This good result essentially verifies that nonlinear effects are negligible relative to measurement uncertainties.
The virtue of the Jacobian-based experimental correction procedure is that is is formulated directly in terms of laboratory variables and measurements. Thus, it automatically takes into account sign conventions and procedures employed with no ambiguity. The correction coming out to measurement accuracy verifies that beam control is fully achievable and enabled us to meet performance requirements.
Unfortunately, the Jacobian-based procedure is also laborious. It requires full phase space measurements to be accumulated for each of the four independent current variations. This tuning would also have to be repeated every time the solenoid field strengths upstream are adjusted significantly since the system response to the alignment errors will change. Also, the data for Jacobian responses must avoid beam scraping when carried out with the full beam. FY08Q2_report.final.doc Due to these limitations, a more theory-based procedure is being developed that promises to vastly reduce the labor involved in correcting the beam centroid: An ideal solenoid field model is displaced and tilted (pitch and yaw angles) about it's centerline. The resulting field is resolved into an ideal component plus dipole terms related to the misalignment parameters. Equations of motion are then derived for the transverse centroid evolution. These equations of motion are expressed in the rotating Larmor frame where they are most simply expressed. An analogy to dispersion functions is then exploited to derive a linear, small-amplitude expansion of the centroid orbit in terms of 3 components:
1) The oscillation due to initial condition errors subsequently evolving in the ideal lattice without alignment errors or steering.
2) The oscillation due to mechanical misalignments of the solenoid. This is expressed in terms of displacement and magnet tilt functions for each solenoid that are properties of the ideal (aligned) lattice alone times the corresponding misalignment amplitudes.
3) The oscillation due to dipole steering. This is expressed in terms of steering functions for each dipole that are properties of the ideal (aligned) lattice alone times the corresponding bending dipole strength.
The structure of this centroid orbit expansion can be exploited to systematize steering corrections based on fewer (rather than four for the Jacobian method) phase- Table 1 ).
This study has indicated that the mechanical tilt alignment of the solenoids is more important than previously anticipated. 
Beamline design for the new induction bunching module
The new bunching module is shown in Fig. 5 . It has 20 induction core units, (vs the presently utilized 12 core units), or nearly twice the volt-seconds available compared to the present setup. The experiment design question is whether the FY08Q2_report.final.doc increase capability should be used, for example, to impart a higher velocity tilt, " = #v/v o , (higher peak voltage), or keeping it unchanged for a shallower slope of the tilt and a correspondingly longer drift compression length.
Figure 5:
The new induction bunching module has 20 cores which will be individually tuned and driven by pulsers to achieve an overall waveform to bunch the beam at the target diagnostics plane.
The trade-offs are between a shorter focused pulse duration (with greater chromatic aberrations), or a longer pulse duration with fewer chromatic aberrations.
The energy deposition on the target is approximately [Barnard-07]:
where e! is the ion kinetic energy, I is the beam current before compression, $ is the initial pulse duration before compression, % is the un-normalized transverse emittance of the beam, f is the focal length of the final focusing solenoid, r 0 is the radius of the beam on entrance to the solenoid, and F 1 (") and We tested these scaling arguments with a series of analytic approximations and LSP simulations which include several additional experimental constraints:
1) The range of initial beam envelope conditions at the entrance to the IBM is constrained by the beam pipe diameter and solenoid field strengths in the matching section.
2) In addition to the desired velocity ramp, the IBM imparts a time dependent defocusing in the transverse plane, dispersing the beam envelope at the entrance to the final focusing solenoid, compounding the chromatic aberrations. FY08Q2_report.final.doc
3) The initial conditions are also constrained by the beam pipe radius in the final focusing solenoid.
Note that we are studying methods of correcting the time-dependent defocusing and chromatic effects of the IBM. A pulsed electric Einzel lens or quadrupole doublet can likely meet the requirements. We will report on the comparison of theoretical models and initial measurements of focal spot reductions using upstream time-dependent corrections of chromatic aberrations in FY09.
The analytic model is based on the formulae for the IBM waveform for a finite length, fully neutralized beam drift compressing to a longitudinal emittance-limited bunch. Transverse envelopes were calculated for multiple energy slices, using the KV envelope equation. The beam distributions for each energy slice, assumed to be Gaussian near the focal plane, were summed to estimate the peak E. An example of the transverse envelopes for multiple energy slices is shown in Fig. 6 . The sweeping of the focal plane about the desired location at z=572 cm due to the energy dispersion is evident in Fig. 6 .
The time-dependent velocity ramp, v(t), that compresses the beam at a downstream distance L with a leading edge velocity v(0), is:
and the IBM voltage waveform producing this ramp, applied in the envelope slice model as well as in the LSP simulations, is:
e! # is the ion kinetic energy. Several calculations were carried out where $ and initial beam envelope were varied parametrically in LSP and in the slice-envelope calculations. A few are highlighted in Table 1 , which illustrate our observations and conclusions. (Fig. 9) . Based on an average of 40 individual beam pulse images, the energy spread at the focal plane is "E = 0.113 keV ± 0.037 keV (corresponding to T || = 0.023 eV). We note that they are indeed lower than the longitudinal emittance empirically adjusted to match the NDCX simulations to date but more in-line with integrated LSP simulations which predicted T || = 0.01 eV . Due to these ongoing investigations of instrumental effects, we are treating the observed energy spread and effective beam temperatures as an upper limit. This more precise measurement of the longitudinal phase space constrains the models, and allows us to separate effects due to the initial emittance from effects coming from IBM waveform imperfections and beam plasma interactions.
Warp PIC modeling of these energy analyzer experiments are underway. We are studying systematic contributions to the observed "E, such as (i) field aberrations in the energy analyzer due to finite misalignments of the components, (ii) space charge effects, and (iii) Marx waveform variations which are averaged over the gate times (0.1-0.5 µs).
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